By breaking the restriction of mirrors, random lasers from a disordered medium have found unique applications spanning from displays, spectroscopy, biomedical treatments, to Li-Fi.
Introduction
Coherent laser source, delivered by a disordered gain medium 1 in the absence of mirrors, has found big need gaps remained though the traditional solid-state lasers have been thriving for years.
Compared to regular lasers, the angular distribution of a random laser can fully cover the solid angle of 4π, which perfectly meets the requirement of display applications. Moreover, the disordered gain medium can be fabricated low-costly and be painted on arbitrarily shaped substrates 2 . Injection of the small gain medium to a particular biological tissue can distinguish themselves with distinct emission properties, e.g., spectrum and lifetime, which leads to the utilization for bio-imaging and diagnosis 3 .
The limitations of laser modes and frequency due to the 2π-phase mirror rebounding in regular lasers have been broken in random ones. In this scenario, the light experiences multiple scattering in the systems that enable the spectrum blank filling 4 and speckle-free imaging 5 .
Semiconductor nanosheets and quantum dots like CdSe 6 , PbSe 7 , ZnO 8 and perovskites 9 have been vividly investigated as the efficient gain medium. Yet, the biomedical toxicity, narrow tuning of optical frequency and intrinsic instability of materials remains a hurdle to overcome. Two-dimensional (2D) materials with extraordinary optoelectronic properties like atomic-layer-depended energy structure and high emission yields have recently been receiving increased attention [10] [11] [12] [13] [14] [15] [16] . Among them, 3 graphdiyne (GDY), a novel 2D graphene allotrope with unique sp-sp 2 carbon hybridization, uniform pores, highly p-conjugated structure, and high bio-compatibility, has set up a new wave of investigation in carbon-based nanotechnologies in the recent decade [17] [18] [19] [20] . Up to date, GDY has been intensively studied in various application fields, including catalysis 21 , energy storage 22 , sensing 23 , and biomedical treatments 24 . Different from gapless graphene, single layer GDY is ascribed to be a narrow bandgap semiconductor, with bandgap around 0.44 to 1.47 depending on the calculation methods 18 .
Furthermore, the energy structures can be largely tuned by the number of layers, stacking symmetric, strains, and chemical decorations 18, 25 , endowed GDY with colorful optical features 26, 27 . Giving great potential as a novel random laser gain medium, the photon emission properties of GDY has just entered the field of view of researchers 25, 28, 29 . Herein, large-size graphdiyne was synthesized and subsequently used to prepared homogenous nanosheets dispersing in chlorobenzene solvent. The photoemission properties and photo-carrier dynamics in this solution were systematically investigated.
Multi-color random laser from 450 nm to 700 nm based on GDY nanosheets has been unprecedentedly demonstrated, suggesting the promising use of GDY for white color displays, biomedical diagnose and imaging.
Results
The synthesis procedures of graphdiyne followed the procedures reported in Refs. 17, [30] [31] [32] , as shown in Figure 1a (more details can be found in the Experimental section). Large size (a few centimeters) graphdiyne nanosheet can be obtained as a light yellow film on quartz via wet stripping in the FeCl3 solution ( Figure 1b ). Figure 1c shows the high-resolution transmission electron 4 microscope (HR-TEM) of GDY, in which the lattice fringes with an interval of 0.294 nm are clearly shown, in good agreement with previous reports 17 . The selected area electron diffraction (SAED) pattern as shown in Figure 1c (inset) confirms the nature of the high crystallinity of the prepared GDY.
Raman spectra can be used to evaluate the uniformity of GDY (Figure 1g ). Four Raman peaks were observed, where the peaks at 1378 and 1575 cm -1 are ascribed to the D and G band, and 1920 and 2168 cm -1 originates from the vibration of acetylenic linkages 17 . X-ray photoelectron spectroscopy (XPS) is employed to analyze the components of GDY. The four subpeaks rooted from C1s at 284.4, 284.9, 286.2, and 288.5 eV represents the orbitals in C-C (sp 2 ), C-C (sp), C-O, and C=O bonds, respectively, and the area ratio of sp/sp 2 is 2 which confirms the effective linkage of benzene ring and two acetylenic groups ( Figure 1g ). The solution of GDY nanosheets can be obtained after ultrasonication treatment for 12 hours. The particle thickness and size are presented in Figure 1e and 1f. The thickness of GDY nanosheets is well below 65 nm, and the determined average particle size is 389 nm. Raman spectra of the as-prepared GDY film. e) AFM image of the GDY nanosheet showing the particle thickness. Scale bar: 10 μm. f) The particle size distribution in e). The average particle size is 389 nm. g) XPS spectra of graphdiyne nanosheet for C1s.
The linear optical absorption spectrum of GDY nanosheets is presented in Figure 2a , in which three weak absorption shoulders peak at 260, 318 and 367 nm can be observed from the broad 6 absorption background. The prepared GDY solution is highly transparent for wavelength longer than 420 nm, which is in agreement with the photoluminescence excitation (PLE) spectra as shown in Figure 2c . The photoluminescence was characterized under the excitation of different wavelengths ranging from 280 to 400 nm (see Figure 2b and Figure S2 ) that well cover the absorption bands. The obtained emission bands are independent of the excitation wavelengths, which is different from previous reports in fluorinated graphdiyne 25 . The emission blue/red shift upon the excitation frequency is normally observed in other 2D materials and highly depends on the particle size and microenvironment. The observed excitation wavelength independence of emission can be ascribed to the even particle size distribution and high homologous of the solution. The maximum emission intensity was achieved under the excitation of 360 nm. The three emission peaks (407, 430 and 455 nm) are found to share a highly similar PLE spectrum and excitation intensity normalized by their corresponding emission intensity (see Figure S3 ). This indicates these three peaks experienced the same energy transitions in GDY. This conclusion is further confirmed by their photoluminescence lifetime characterizations as shown in Figure 2d . All the three peaks feature a lifetime of ~1.6 ns. There is no emission lifetime of GDY has been reported previously. However, this value is a bit shorter than other carbon-based 2D materials or quantum dots, like carbon nanodots (5~9 ns) 11 and graphene quantum dots (3~5 ns) 10 , indicating a smaller gain and challenge of laser realization. Figure 3a ). Later on, the excited carriers will return to ground-states at the price of photon emission around ~2.38 eV on the time scale of 140~180 ps. Note that the lifetime of the TA spectrum is different from the steady PL processes where no relaxation probe light is presented. The random laser performance of the GDY solution is presented in Figure 4 . Three available excitation wavelengths (390, 400 and 410 nm) which are close to the effective PLE peak (see Figure   2c ) are used as the pump source. As the pump intensity increases, sharp emission spikes emerged on a broad background, which indicates the successful generation of random lasers. It could see that the random laser threshold increases as a function of the pump wavelength. Note, even at low pump intensities, photoluminescence also can be well observed at all the pump wavelengths, see Figure S6 -S23. The integrated intensity at the three pump wavelengths as a function of the pump intensity is shown in Figure 5a -c. The random laser thresholds for the three pump wavelengths are determined to be 7.3, 16.4 and 23.0 kW/cm 2 . This sequence is consistent with the previous PLE spectrum, where the efficient excitation decreases as these wavelength increases (Figure 2c ). Since the effective excitation 10 above 400 nm is insignificant, it requires much higher excitation intensity to achieve the laser threshold.
The spectra of this GDY-based random laser covers most of the visible region from 450 nm to 700 nm (see more in Figure S6-S23) . The chromaticity of the random laser spectrum under different pump wavelengths and intensities is summarized in Figure 5d , corresponding to the spectra in Figure 4 . It is shown the color of the random laser can be largely turned from light green to light red through engineering the pump parameters. An image of the GDY random laser under testing is shown in Figure   5e . According to the theory of the random laser 33 , the active gain medium (here is the GDY nanosheets) will randomize and amplify the emitted photons in the solution. The pre-condition for a random laser is the photon amplification is larger than the optical losses in the random nanostructures.
Since the particle size of GDY is around 389 nm, which is smaller than the wavelength, Mie scattering cannot offer effective optical feedback for the generation of the random laser. Localized bubbles under 12 the intense excitation are proposed to realize effective feedback due to the strong photothermal properties of GDY 24, 34 . The low surface tension of the solution is in favor of large bubble formation according to the derived Rayleigh-Plesset equation 15, 35 , and thus high strength of light scattering. The surface tension of the chlorobenzene is 33.6 mN/m@20 ℃, which is smaller than that of water (72.8mN/m @20 ℃), suggesting the easier bubble formation. In this experiment, both the temporal and spectral chaotic behavior 1 of random laser have been observed. The emission peaks and intensity of random laser varies at different pump shots ( Figure S6-S23 ). Brown motions of the gain medium, instabilities of the generated bubbles changes as the time goes, and the high freedom of modes competition due to the multi-scattering in the system give the spectral diversity.
Conclusions
To conclude, large size graphdiyne film was prepared via a feasible wet stripping method.
Reducing the particle size to a few tens nanometers, GDY nanosheets have been shown excellent photon emission performance in the visible region. The photon transitions obey a three-level energy structure scheme and show a broadband emission covering 450-700 nm. Photons with a wavelength shorter than 400 nm are found to be an efficient excitation source. Using different excitation wavelengths and intensities, multicolor random lasers from GDY nanosheets solution have been unambiguously demonstrated. The chaotic characteristics of random laser originate from Brown motions, instabilities of bubbles, mode competitions ignored in most of the previous reports are discussed. Up to date, the optical properties of graphdyine is far from beening well explored, this letter may shed light on the foreseeable coming of graphdiyne enabled nanophotonics. 13 
Experimental Section

Graphdyine synthesis
The procedures of the synthesis experiments are presented in Figure 1a . Deprotection of the hexakis[(trimethylsilyl)ethynyl]benzene with the tetrabutylammonium fluoride (TBAF) solution for 10 min at 8℃ to afford the monomer of hexaethynylbenzene in good yield (62%). The graphdiyne was smoothly grown on the surface of copper foil in the presence of pyridine by the Suzuki cross-coupling reaction of the monomer of hexaethynylbenzene for 72 h at 60℃ under nitrogen atmosphere. The copper foil is not only the catalyst for the cross-coupling reaction but also is the substrate for growing graphdiyne film 30 . GDY nanosheets were prepared by evenly mixing GDY power in chlorobenzene (CB) at a concentration of 0.5 mg ml -1 and then ultrasonic treatment at 60℃ for 12 hours. The resulted mixture was then centrifuged at 8000 rpm for three minutes to remove the precipitate. The GDY nanosheets were suspended in the supernatant with a concentration of ~0.05 mg ml -1 .
Morphology characterizations
Atomic Force Microscope measurements were conducted using the Dimension ICON from Bruker and the sample was prepared by dropping the solution on the substrate of mica. UV-vis absorption spectra were recorded on the Agilent Cary 60 spectrophotometer. Transmission electron microscopy (TEM) and selected area electron diffraction (SAED) pattern measurements were conducted with FEI Tecnai G2 f20 s-twin 200kV transmission electron microscopes using an accelerating rate voltage of 120 keV. The X-ray photoelectron spectrometer (XPS) was collected on the VG Scientific ESCALab250Xi X-Ray photoelectron spectrometer, using Al Ka radiation as the 14 excitation sources. The banding energies obtained in the XPS analysis were corrected regarding C1s (284.8 eV). Raman spectra were taken on a Horiba LabRAM HR800 Raman spectrometer at a resolution of 1.5 cm -1 by using the 532 nm line of an Argon ion laser as the excitation source.
Transient absorption microscope
The carrier dynamics in GDY solution in the visible region were characterized via a commercial transient absorption spectrometer (Helios fire, Ultrafast Systems, USA). The pump source was delivered by an OPA system at 400 nm. A broadband probe wavelength band was generated through a CaF2 crystal under the excitation of a femtosecond Ti: sapphire oscillator. The resolution of the delay line is 15 femtosecond, and the resolution of the pulsed laser sources is 90 femtosecond. The spacial resolution of the pump/probe beam is around 50 micrometers. The GDY solution was dispersed in the IPA solution and then hold in a 10 mm thick cuvette for carrier dynamics measurement.
Random laser
The pump light (390, 400 and 410 nm) is delivered by an OPA system with a repetition of 1 kHz and a pulse duration of ~150 fs. The pump light is focused by a plano-convex lens with a focus lens of 30 mm. The GDY nanosheets solution is held by a 5 mm thick cuvette and placed on the focus. The intensity of the pump is manually altered by an ND filter (NDC-50S-3M, Thorlabs). The pump intensities at different pump wavelengths are shown in Figure S5 . The emission is collected by a fibercoupled high-resolution spectrometer (iHR550, Horiba).
